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Abstract 
 
Snow plays an important role on the hydrological cycle of watersheds in cold regions. 
Predicting timing and magnitude of snow accumulation and ablation is necessary for water 
management in different sectors.  
A spatially distributed snow model (SnowModel) is chosen for our research, which is forced 
by meteorological data provided from automated weather stations. SnowModel is evaluated for 
two watersheds in southeast of BC. Two consecutive year (2006-2008) are selected for the 
calibration and validation processes. Simulated snow depth and snow water equivalent (SWE) are 
compared with observed data from snow pillows.  
Two error factors of Nash-Sutcliffe Efficiency Index, and R-squared show 0.96, 0.98 values 
in accumulation period and 0.87, 0.86 for ablation period, respectively. Spatially distribution of 
snow depth and SWE over domains also are discussed. In general, SnowModel is able to estimate 
the accumulated snow depth and SWE in alpine areas in a high level of accuracy. 
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Aims and importance of thesis study 
Snowfall accounts for a substantial source of precipitation in all regions of British Columbia. 
Melting snow in spring and summer is the main supplier of water to resources, lakes, rivers, soil 
moisture and groundwater. Therefore, snow monitoring can provide valuable source for predicting 
flood events, making hydroelectric dams, managing water resources, studying wildlife and 
fisheries. 
Collecting snow parameters from regions such as remote areas in mountains, glaciers regions, and 
high altitudes is not an easy task. Therefore, considering importance of knowing snow features, 
using snow models can be inevitable in such areas. Another importance of snow modeling is 
related to snow distribution in domain study. Most snow measurements have been done based on 
the point snow data, while distribution of snow on domain is unclear or is estimated by statistical 
methods, some snow models can distribute snow features on domain spatially and temporally. 
Also, knowing long-term snow evolution is a great knowledge of climate change study. This 
problem is more serious in the mountain areas. Mountains are characterized as sensitive physical 
environments. These areas are very sensitive to atmospheric change. It is clear that any climate 
change has direct effect on water resources. Moreover, Snow is recognizedas the main source of 
runoff. Therefore, knowing snow change during long-term can help us to better understanding 
climate change and its effects, in particular on water resources.  
The aim of this study is testing one powerful tool (SnowModel) on two watersheds (Redfish Creek 
and Coffee Creek) in Southeast of British Colombia. Using SnowModel, we will be able to predict 
main snow parameters (Snow Depth and Snow Water Equivalent) in our domain. An accurate 
snow pattern prediction is necessary to predict more accurate hydrology of cold regions. In this 


study, spatial distribution of snow is simulated and visualized on the domain which can be used 
for the future studies.


1. CHAPTER 1: INTRODUCTION 
 
1.1. State of snow survey in British Columbia 

Measuring snow is not an easy task because it is the subject of drifting, melting and natural 
compaction. Usually, snow data is collected from snow stations manually or automated all over 
the BC. Historically, collecting snow data goes back to 1935. These measurements are an 
important source of data bank for researchers, government, private sectors and public in different 
sectors. Snow measurement has been done with a systematic method which is called “Snow 
Survey”. As mentioned before, this technique has been used in British Columbia since 1935. These 
data are extracted from snow stations maintained and operated by staff from the Ministry of 
Environment, BC Hydro and, Metro Vancouver. Snow depth, snow water equivalent, air 
temperature and accumulative precipitation are the main parameters which are recorded by the 
snow pillows. 
 Snow water equivalent (SWE), or the amount of water contained in the snowpack is usually 
measured at snow pillow station. Recently, snow scales have been used for measuring SWE. Snow 
scales look like a large bathroom that measure the weight of the snow, then it is converted into a 
SWE value. For measuring snow depth, an acoustic distance sensor is used that usually mounts 3 
– 5 meters above the ground. This sensor works based on the elapsed time between emission and 
return of an ultrasonic pulse to determine the depth to the snow. The calculation is performed from 
the summer time when the amount of snow is zero to the current state of the snow depth.  
Considering the fact that the majority of snow pillows are installed in the high elevations, there 
are many places in the world that are not covered with such stations, especially in the rugged 


terrains and remote areas. Modelling snow cover can be a good alternative for such measurements 
given that the spatial snow pattern also can be estimated using this method. 
1.2. Introduction 

        The Cryosphere covers a large part of the world every year with an average of approximately 
45 million square kilometers of the Earth's surface. Therefore, snow’s evolution is an important 
factor for the Earth's climate system. The surface temperature of the earth is significantly 
influenced by the snow cover which be converted to water and flow to the water resources. 
Interaction between the snow cover with the atmosphere controls the heat exchange between the 
atmosphere and the Earth’s surface which is called the earth's energy balance. 
In British Columbia and other mountain areas, snow is a critical resource for winter snowpack and 
annual runoff, which act as a resource to store water for spring and summer in different 
geographical regions. In fact, snow in the mountains can be defined as a natural reservoir of water 
because it supplies the water to the water resources in downstream. In fact, the majority of water 
resources are fed from melting snow in British Columbia. In the cold winter months, snow 
accumulates to the snowpack, which starts melting in the spring and early summer time.  The 
subsequent snowmelt generates the streamflow that it fills water resources downstream such as 
rivers and lakes. So, understanding snow accumulation in terms of timing and magnitude is very 
important for different purposes such as domestic consuming, flood study, power plants, 
agriculture, fishery activities and other industries. 
 There are some factors that affect snow accumulation such as, soil moisture, air temperature, 
precipitation cycle, storm frequency, and vegetation cover and their water use. The location 
	

(geography) of a study area also has a significant effect on how these factors play out. Considering 
these factors is a crucial part of snow modeling. 
There are different kinds of models for prediction of snow processes; their evaluation show a wide 
range of different results. Complexity of the snow’s cycle makes a difficult task to choose an 
optimal model to evaluate different components of snow. Therefore, for evaluation of snow 
evolution process, different types of snow models have been developed with varying degrees of 
complexity. The performance of these models were calibrated based on the local conditions and 
evaluated against observations which come from in the study area. Many studies represent 
developments and improvements of snow models including validation against observational data 
[e.g., Dutra et al., 2010; Shrestha et al., 2010; Tobin et al., 2013; Vionnet et al., 2012]. Some of 
those studies are used for evaluating newly developed models [e.g., De Michele et al., 2013], 
others are used to generate more precise processes represented in existing models. But, choosing 
the right model involves the accurate comparison of the existing models for specific research 
studies to judge whether the proposed snow model is the best suited for that area. Another 
considering point is that the more complex model with complicated parameterizations may not 
necessarily lead to a good results. Increasing over-parameterized of the model and number of 
variables, even make a poor predictive capability of the model [Cox et al., 2006].  
In recent years, scientists have developed models to simulate snow distribution and melting forced 
by meteorological and climatological factors. Many studies have estimated surface melt for alpine 
glaciers, whereas far fewer have studied winter accumulation. Most of these studies use empirical 
temperature index models, whereas the temporal and spatial variability in melt rates can be better 
considered by physically-based distributed energy balance models. For instance, precipitation 
elevation lapse rate and snow aging coefficient have a great influence on the simulated ablation. 


(Arnold et al, 1996; Hock and Holmgren, 2005; Anslow et al., 2008). The temperature index 
models are widely used due to availability of data. These models are based on the relationship 
obtained between air temperature and snow/ice melt (Hock, 2003). Energy-balance models are 
physically-based and improve simulation by considering the spatial and temporal contributions of 
energy into the snowpack (e.g. radiation, sensible and latent heat exchange, ground and rain heat 
fluxes) to get the required energy for melting and its response to climate changes and surface 
conditions. Such studies are important for accurate prediction of summer ablation, especially in 
mountainous areas due to the complexity of topography and its influence on radiation (Arnold et 
al., 1996). Therefore, snow models can be recognized as two categories: 
 
1.3. Snow Models 
1.3.1. TemperatureIndex Models 
Temperatureindex models are mainly used in hydrological and Glaciological applications 
[e.g., Hock, 2003; Huss et al., 2008]. Temperatureindex models work based on daily inputs of air 
temperature and precipitation (divided into solid and liquid phases). Relationship between air 
temperature and snow melting is a basic principle in temperatureindex models. Since air 
temperature generally is the most easily-accessed available data, such models have been the most 
widely used for many purposes, such as hydrology and dynamic of ice or climate sensitivity 
studies. In spite of simple process, temperature-index models have been successfully shown to be 
powerful tool for snow research studies, however, there are some limitations behind this models. 
First of all, although this model works well over long time periods, accuracy of results can decrease 
over long period of time; secondly, as Hock (2003) showed in his study, melting rate cannot be 
computed with high accuracy. His study represented that some topographic factors such as 



shading, slope and aspect angle have direct effects for calculating the melting rate. Above factors 
have more effects in some geographical regions such as mountains. Ohmura (2001) also showed 
that this method needs minimum data requirements, therefore, it is categorized in lower level of 
data demands comparison with other complex methods such as an energy balance method.  
1.3.2. Energy Balance Models  
Energybalance models are a type of model that works in different variety of research area, 
such as hydrology and weather forecasting [e.g., Shrestha et al., 2010;]. Main section of the model 
is solving energy balance equations. Therefore, it is logical that the model should be consider as a 
physical based model. In fact, equations rely on the physical features of local study. In the 
snowmelt process, Energy-balance models have three stages: 
1) Warming phase: Absorbed energy raises the average snowpack temperature to a point at which 
the snowpack is isothermal (no vertical temperature gradient) at 0°C.  
 
2) Ripening phase: Absorbed energy is used to melt snow; but the meltwater is retained in the 
snowpack in pore spaces by surface tension forces. At the end of this phase, the snowpack cannot 
retain any more liquid water and is said to be “ripe”. 
 
3) Output phase: Further absorption of energy produces water output, which then appears as runoff, 
infiltration or evaporation. 
The stage of change of ice into water is described as a snowmelt; which energy absorption happen. 
When net incoming radiation is negative, it is called the “condensation”, and when net incoming 
radiation is positive, this process is called the “melting”. The net energy can be defined as an 
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amount of energy used for transfer of radiation, convection, conduction, and advection flux into 
the snowpack and the rate of change of internal energy. Available measured meteorological 
variables and simple empirical equation can be used for estimating this energy. Usually, melting 
temperature is close to snow temperature. Snow on the ground is under continuous transformation 
or metamorphism. When temperature reaches near the melting point, the snow changes into mixed 
forms of ice, air and water. Moreover, snow layers include penetrable heterogeneous layers which 
be transformed by wind redistribution. 
 
 
Energy balance control volume (Pomeroy et al., 2007) 
 
Net radiation is the sum of net shortwave and longwave radiation. Net radiation flux is dominated 
by net shortwave radiation with neglecting advective fluxes. The energy budget equation can be 
expressed as: 
dU /dt = QM + QN +QH + QE + QG + QD                                                           (1) 
 
Here, QM is energy available for snowmelt, QN is net radiation (Kin: incoming shortwave, Kout: 
outgoing shortwave, Lin: incoming longwave and Lout: outgoing longwave), QH is turbulent flux of 
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sensible heat, QE is turbulent flux of latent energy, QG is ground heat flux, QD is energy due to 
advection from external sources and dU/dt is the rate of change of internal energy. The fluxes of 
energy directed towards the control volume are taken as positive; those directed away from the 
volume are negative. The net radiation, QN is composed of the sum of net longwave and net 
shortwave fluxes (Pomeroy et al., 2007).The shortwave radiation is composed of direct and diffuse 
components of beam. Diffusion or reflection occurs due to clouds or other surfaces and 
atmospheric constituents. The amount of shortwave radiation depends on turbidity of the 
atmosphere or albedo (Granger & Gray, 1990). Gray et al. (1986) estimate net shortwave radiation 
with respect to surface albedo as: K* = Kin (1 – α) where, Kin is incoming shortwave radiation and 
α is albedo. Granger & Gray (1990) show that net incoming shortwave radiation is the sum of the 
direct beam and diffuse sky radiation. Albedo or mean reflectance is the ratio of reflected 
shortwave flux to total incoming solar radiation. Albedo is affected by the snow grain size and 
density changes. In grassland area, the rate of change of albedo is not constant. In this regions, soil 
transported by wind, and also the new snow fall make changes in albedo values. The amount of 
albedo variation is very small under clear sky condition. Though albedo is not generally measured 
at climatologic stations, it can be estimated using the color, ripeness, wetness, age and other 
properties of snow. Albedo varies over different periods of snow melting. Net shortwave radiation 
estimation using an albedo shows reasonable results. Gray & London (1987) show that the factors 
of albedo depletion rate are: 
• Time of year 
• Occurrence of melt 
• Snow events 
• Patchy snow cover 
• Underlying ground 
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Underlying ground surface can transfer previously absorbed solar radiation into snowpack and 
accelerate snowmelt. However, the attenuation of radiation is dependent on particle size, density, 
structure, wetness, and foreign matter content in snowpack. 
 Shortwave radiation is the dominant in the solar radiation flux, but longwave radiation can be as 
common similar or higher in some cases. During the stages of early melting, solar energy is low 
and albedo is high. In this time, longwave radiation dominates the solar radiation. The amount of 
longwave radiation is higher under cloudy sky and high albedo condition. High albedo causes high 
emissivity of soil surface, which reduces the amount of shortwave radiation. The variation of 
longwave radiation depends on temperature, humidity, and cloud cover of atmosphere. In uneven 
surfaces, ground longwave emission also contributes longwave irradiance and causes spatial 
variability of snowmelt (Granger & Gray, 1990). Most of the longwave radiation is received at the 
surface, which comes from the near-surface layer of the atmosphere. 
Convective energy is transferred in the forms of sensible heat and latent heat. The heat transfers to 
or from snowpack by turbulent eddies. It occurs in a layer in a thickness of about 2-3 m just above 
the snowpack. Energy advected from other snow patches adjusts to snowpack as well as bare 
ground which contributes in providing energy for snowmelt (Gray & Landine, 1988). Sensible 
heat energy is the function of physical temperature and wind speed, while latent heat energy 
depends on the vapour pressure and wind speed. Snowmelt normally displays a diurnal pattern as 
it receives solar radiation during the day and energy flow stops at night. However, energy 
deficiency at night time is compensated by changing in the internal energy within the snowpack. 
For shallow snowpack, internal energy change is higher compared to deep snowpack. This amount 
of change in internal energy is neglected in the most modeling systems, because the amount of 
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energy is small compared to other major energy terms (Gray & Landine, 1988).Net energy balance 
provides required energy for snow melting. The energy intakes in the prairie plain land is 
significantly higher in comparison to mountainous or forest areas. In prairie plain land, this process 
causes immediate steep peak flow just after the inception of snow melting process. The dominant 
part of net radiation is the shortwave solar radiation. However, at the beginning of snow melting 
season, snow surface albedo is high, so a significant part of solar radiation is reflected, which leads 
to less net shortwave radiation and higher longwave radiation. As mentioned before, convective 
and advective heat transfer occurs in the form of turbulent eddies. The energy exchange by 
turbulent sensible heat and latent heat is low compared to the net solar radiation in the prairies 
lands. The change in internal energy is the result of energy reception pattern during the day. The 
amount of internal heat flux change is very insignificant in comparison to other dominant energy 
sources. Researchers are faced with difficulties to understand the effect of patchiness and bare 
ground on snowmelt, as well as to measure the turbulent heat flux.  
 In alpine areas, topography can affect solar radiation, air temperature, and precipitation. All these 
factors play an important role on the timing and magnitude of snowmelt released (Luce et al., 
1998). From another view, mountainous regions can be characterized by different variables such 
as topography, vegetation, soil, climatic conditions, and snow cover distributions, which need to 
be considered in snow modeling in alpine basins. Distributed snowmelt models are designed to 
combine spatial variability of the land surface and meteorological data to better evaluate the snow 
process. Therefore, the distributed snow model is a proper tool for evaluating snow accumulation 
and ablation. 
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2. CHAPTER 2: LITERATURE REVIEW  
 
There are different types of models that have been developed to investigate snow evolution 
and melting processes. These models also have been evaluated in different locations with different 
climate conditions and domain characteristics which some of them is described here. 
Cline et al. (1998) investigated the effect of increasing spatial and temporal resolutions on the 
modelled distributions of snow water equivalence (SWE) and snowmelt in the Emerald Lake 
Watershed (ELW) of the Sierra Nevada of California, USA. A coupling of remote sensing and the 
distributed energy balance snowmelt model (SNODIS) is used for this research. For controlling 
the result, a high spatial (30m) and temporal (hourly) resolution model run was used from 
previously validated results in ELW. Cline et(1998) al utilized the spatial resolution of the DEM 
from 30 m to 90, 250 and 500 m before extracting the distributed micrometeorological data. 
Remote sensing data were classified for to the same spatial resolutions before computing the 
duration of the snow cover. Also, before computing the distributed energy balance and snowmelt, 
the temporal resolution of the micrometeorological data from 1 to 3 and 6 h was extracted. Then, 
a comparison mean basin SWE, basin snowpack water volume and the spatial patterns of SWE 
from each test with previous, high resolution results was done. The final results showed that there 
is no considerable difference between the mean basin-wide SWE computed from the 250 and 500 
m spatial resolution. For the higher resolutions, the result was the same, no matter what temporal 
resolution was used. 
Pomery et al. (1998) demonstrated the application of the simple model that analysis the snow 
processes. From their model, monthly snow accumulation, relocation and sublimation fluxes were 
calculated and applied in a spatially distributed pattern to a 68km2 catchment in the low Arctic of 
northwestern of Canada. The final result showed that the model overestimated amount of snow 
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which accumulated in the catchment by 6%. The model revealed that for calculating accurate snow 
accumulation, the whole yearly precipitation is necessary.  
Moreover, Link et al. (1999) investigated the effect of the vegetation canopy on snow 
accumulation. The canopy changes the radiation balance of the snow cover and reduces the wind’s 
speed at the snow surface. They used simple canopy algorithms to spatially distribute sub-canopy 
solar and thermal radiation and other meteorological data such as air and soil temperature, 
humidity, wind speed, and precipitation. Simulated spatially distributed snowmelt can be used for 
estimation of the timing and rate of moisture changes in the soil during ablation season. It also is 
used for hydrologic models parametrization, and to assess the effects of changes in land cover on 
the hydrologic systems of the region. Therefore, a combination basic land cover parameters, 
relatively simple canopy adjustments coupled with an energy balance model, can be used to 
estimate climate conditions and snow-cover processes across a range of boreal forest covers. 
 In another study, Thyer et al. (2004) evaluated the performance and internal structure of the 
distributed hydrology soil vegetation model (DHSVM) using 1998–2001 data collected at Upper 
Penticton Creek, British Columbia, Canada.   	
  forest radiation balance was 
formulated that improves model efficiency in simulating streamflow due to greater early season 
melt that results from the importance of longwave radiation below the canopy.he model was 
successfully simulated the forest and clear-cut SWE and pre-harvesting and post-harvesting 
streamflow for the second basin in 3 year and 4 year periods, respectively.  
The Consistency of the model result to the large array of snow observations shows that the 
modified model can be a logical tool to evaluate forest management impacts in that region.  
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et al. 	importance of rainfall on the snow melt process. They introduced 
an equivalent precipitation depth generated from snowmelt with rainfall as a new variable. In this 
way, the simultaneous occurrence of snowmelt and rain-on-snow was assessed and the 
characteristics of runoff, including peak discharge caused by rain-on-snow, was investigated using 
two different models. Their results revealed the increase of snow parameters including snow depth, 
SWE, and equivalent precipitation depth from snowmelt with rainfall with the station elevation. 
However, for stations at higher elevations than 400 m a.s.l., the equivalent precipitation depth from 
snowmelt with rainfall plays a key role in runoff formation. The analysis of the influence of 
snowmelt, with and without rainfall, on top peak discharge events indicated that over ¾ of the top 
peak discharge events resulted from snowmelt with rainfall, and less than 1/4 of them resulted 
from rainfall events alone. Their results show that snowmelt water depth accounts for between 
27% and 54% of the equivalent precipitation depth from snowmelt with rainfall. While, the 
snowmelt water equivalent accounts for between 17% and 80% of the equivalent precipitation 
depth from snowmelt with rainfall. The effect of rain on snowmelt was studied in other forest 
regions in Germany using long-term meteorological and hydrological observations. They 
examined the space-time variability of precipitation and snow and its effects on the snow melting 
process and they achieved similar results (Sui et al. 2001 & 2007). 
Konstantinos et al. (2009) also investigated the effects of the forest canopy on snow accumulation 
and ablation processes by using a mass and energy balance model in the forested area. The model 
was able to evaluate the snow water equivalent (SWE) evolution during winters both beneath the 
canopy and in the nearby clearing, with correlations to the observations ranging from 0.81 to 0.99.  
Additionally, using measurements the model was assessed at a Boreal Ecosystem-Atmosphere 
Study (BOREAS) field site in Canada to test the robustness of the canopy snow interception 
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algorithm in a different climate. Simulated SWE was in agreement with the observations for the 
forested sites, with discrepancies evident in some cases. The model formulation appeared as a 
powerful tool for both types of climates. However, because sensitivity to some parameters, such 
as snow roughness length, and maximum interception capacity, is crucial in analysis, calibration 
was as a great way to improve the snow water equivalent results. 
Liston and Elder (2006) used SnowModel’s ability to simulate seasonal snow evolution by 
comparing the results against observations in both forested and non-forested landscapes. The 
model closely reproduced observed snow-water-equivalent distribution, time evolution, and inter-
annual variability patterns with a high quality result. In addition, Liston and his team (2006) 
developed an intermediate-complexity, quasi–physically based, meteorological model (MicroMet) 
to make the high-resolution (e.g., 30-m to 1-km horizontal grid increment) atmospheric forcing 
required to simulate spatially distributed terrestrial models over a different variety of landscapes. 
The MicroMet submodule generated 8 distributed variables as input: air temperature, relative 
humidity, wind speed, wind direction, incoming solar radiation, incoming longwave radiation, 
surface pressure, and precipitation. All of these variables can be collected at most meteorological 
stations.  
In Merlind et al. (2005) research, five full-year change of snow accumulation, distribution, 
sublimation, and surface melt in southeast Greenland was simulated by SnowModel on the 
Mittivakkat glacier. Some model modifications were done to adjust the underestimation of solid 
precipitation to make results consistent with the observed with Mittivakkat winter mass balance 
and to simulate snow ablation after the accumulation time. They used meteorological station data 
as the model inputs and mass balance observations utilized for model calibration and validation.  
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The modeled end-of-winter snow-water equivalent (m.w.e.) accumulation increased in correlation 
with elevation from 200 to 700 m above sea level (a.s.l.) in response to both elevation and 
topographic influences. Also, the end-of-summer location of the glacier equilibrium line altitude 
was simulated and validated by glaciological observations and digital images. 
The simulated annual mass balance averaged over the time period was 15% less than the observed. 
About 12% of the precipitation was lost by sublimation. The snow melt period started from mid-
May to the beginning of June, and continued until mid-September; there were about 120 melt days 
at the glacier terminus. The model simulated recession almost equal to the observations. 
 Furthermore, Merlind et al. (2010) investigated the temporal variability of surface snow and 
glacier melt and runoff in the ablation area of Jakobshavn Isbræ, in West Greenland with 
SnowModel. Meteorological observations with high resolution both on and outside the Greenland 
ice sheet were used as model input. This study suggests that surface runoff contributes to a small 
proportion of about 7% (~3.4 km3 a–1) of the overall Jakobshavn freshwater flux to the fjord. When 
considering the average annual freshwater flux of ~51.0 (km3 a–1) created from the surface runoff, 
this amount is small. .  
In another investigation, Saloranta (2012) produced snow’s maps in daily basis by the SeNorge 
snow model. The SeNorge snow model works with 1 × 1 km resolution, uses gridded observations 
of daily temperature and precipitation as its input forcing. Then, it simulates snow water equivalent 
(SWE), snow depth (SD), and the snow bulk density ( ). 
The evaluation of the model performance from 1957–2011 was made using the two available 
extensive in situ snow measurements for Norway. The results showed an overestimation of SWE 
and  by the model, while the overestimation of SWE increased with elevation throughout the 
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snow accumulation season. However, after removal of the systematic model biases by 
recalibration, the model performs rather well. 
 The SeNorge model is a relatively simple model and a process-based method to generate snow 
maps of high spatial-temporal resolution. SeNorge can be an alternative for operational snow 
mapping which is well suited in regions with complex topography and large spatial and temporal 
variability in snow conditions. 
To accurately simulate snow accumulation in alpine terrain, topography and its interaction with 
wind need to be considered (Winstral and Marks, 2002; Sold et al, 2013). Snow transport by wind 
might be an important factor influencing snow patterns in alpine regions, based on topography and 
meteorological conditions of glacier and surrounding areas. For instance, Winstral and Marks 
(2002) demonstrated that wind-induced snow distribution is a dominant factor for snow pattern in 
a small cirqe-shaped glacier.  They used a digital terrain analysis to quantify aspects of the 
topography related to wind shelter and exposure to force into a distributed snow model. In this 
way, they determined the potential of each grid cell for drift development in relation to the 
observed winds. Using meteorological data from stations in different locations, the terrain 
parameters were used for distribution of snow accumulation and wind speeds. This data was used 
at an hourly time step to input into an energy and mass balance snow model. A comprehensive 
dataset including aerial photographs, measured runoff, and snow data from the meteorological site 
were used for model validation. The model showed its ability to simulate the snow melt runoff 
accurately for all three years. 
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3. CHAPTER 3: ASSESSMENT OF SNOW MODELS  
In recent years, numbers of modelshave been developed that can analyze the snow evolution 
in the different climatological territory. These wide range of empirical and physical snow models 
are emerged, and work based on similar process, only differences between them are in how each 
model parameter specific process (such as Albedo). In fact, process of parameterization usually 
represents the complexity of the model.  
There are many studies and models development that are tested on snow distribution over flat 
lands, alpine terrains and, ice sheets such as Alpine3D (e.g. Lehning et al., 2006), SnowModel 
(e.g. Liston and Elder, 2006), Crocus (e.g. Brun, 1989), and SNOWPACK (e.g. Bartelt and 
Lehning, 2002). These models have similarities and differences in the sub-surface processes and 
parameterizations. All models simulate density, temperature, and water content of the snowpack. 
There are also differences in the models, for instance, the snow evolution in SnowModel is based 
on changing snow density.  Alpine3D takes into account the grain size and type, as well as the 
bonding between grains. The data pre-processor of the models also have different requirements. 
Alpine3D simulates the high resolution evolution of physical properties within a snowpack and is 
mostly used for avalanche forecasting. SnowModel and Alpine3D include sub-modules for snow 
transport by wind, while Alpine3D is able to interact with the atmosphere. Among all models, 
most popular snow models are introduced. These models are tested in different situations and there 
are some positive and negative advantages behind them. 
3.1. Utah Energy Balance Grid (UEBGrid) Snow Model 

The Utah Energy Balance (UEB) snow model works based on energy balance was developed by 
Tarboton's team in 1994. This model is a physically based single layer energy and mass balance 
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model for snow accumulation and melt. In this model, the snowpack is described using three state 
variables: snow water equivalent, internal energy of the snowpack, and top layer of the soil, which 
are predicted at each time step. The age of the snow surface is used for albedo calculation.  
Water equivalence is determined by any liquid water present in the snowpack. Energy content is 
defined as the energy content of the snowpack plus the top layer of the soil. The model required 
meteorological data as input, including air temperature, wind speed, relative humidity, 
precipitation, incoming solar and longwave radiation, and ground heat flux (taken zero when is 
unknown) in each time step. Incoming solar radiation can be estimated when it is not available 
using an equation followed by the Bristow and Campbell (1984) procedure. Incoming longwave 
radiation also can be estimated using air temperature, and based on the Stefan-Boltzman equation 
and a parameterization of air emissivity adjusted for cloudiness (Satterlund, 1979). Given the state 
variables, snowpack evolution in time is determined by solving the energy and mass balance 
equation. The model utilized the FORTRAN as its programming language. Main input data for 
model is air temperature, precipitation, wind speed, humidity and radiation. The time steps of input 
data should be within the diurnal cycle in six hours or less. Darcy's law is used for calculating 
outflow melting. This mechanism is a great way for calculation of outflow in spite of energy 
balance which is negative or positive. In general, model does not need too much to fix the 
parameters, therefore, it is a good tool for a distribution of snow on a grid over a study domain. 
The model also is able to evaluate glacier’s melting. Temperature of snow surface is calculated 
using different energy balance between surface forcing and the snow surface in every time steps. 
It takes into account the conduction of heat gradients into and out of the snowpack. The ability of 
model was tested and verified on different site locations, while the model was developing. Some 
major benefits related to model include: The number of state variables and adjustable parameters 
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is limited and make it a simple model.  Moreover, the model can distribute snow over a spatial 
grid and works based on physical pattern that can be used with low calibration process in different 
geographical locations.  
 
3.2. WASMOD-THE WATER AND SNOW BALANCE MODELING 
SYSTEM 

The Water and Snow balance modeling system (WASMOD) is a conceptual lumped modeling 
system for simulating streamflow from both snow melting and rainfall. 
WASMOD was developed by Thornthwaite in the 1948. After that, the model was upgraded by 
Thornthwaite and Mather between 1955 and 1957. THE WATER AND SNOW BALANCE 
MODELING SYSTEM is tested, verified and examined in different geographical domains. The 
result of the model demonstrates the ability of the model to work based on a range of daily to 
annually time series data. The primary model was not included the snow module and was designed 
to estimate surface runoff, soil moisture changes, evapotranspiration, and groundwater discharge 
and recharge. The WASMOD system is designed to work in different time range from weekly to 
monthly. The model need 3 to 6 parameters that can be extracted from the study area. Some data 
that model can work based on is monthly precipitation, potential evapotranspiration (PE), 
temperature and humidity. Runoff is calculated from precipitation data and subtracting 
evaporation. In general, the input data for model is precipitation, potential evapotranspiration 
(PET) and air temperature and output include base flow, surface runoff, soil’s water storage and 
snow accumulation. WASMOD-M updates water’s storage in each grid cell. Precipitation, 
temperature and potential evaporation from gridded datasets which are used as input and also the 
amount of runoff from each cell is calculated. Furthermore, WASMOD-M is able to calculate snow 
accumulation and melt, real evaporation, as well as snow processes, rain and melting, which can 
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occur in the similar months. In general, this model is able to estimate surface runoff, relative 
changes in soil moisture, reliable evapotranspiration, and ground water discharge and recharge 
rates in high accuracy in different climate conditions. The main application fields of the 
WASMOD system are following: 
a) Quality control, extension of runoff records and filling in of gaps 
 
This model can be used to check and update the flow records. There are frequently missing data 
from the flow gauges due to malfunction or damage. This model uses a normal procedure to 
estimate the missing portion of flow and interpolate based on the nearby flow gauges. Therefore, 
the missing records of this kind can be assessed rapidly and accurately. Another important ability 
of this model is simulating the flows for longer periods of rainfall. The extension of the flow record 
can be simulated by calibration of the model using the short flow record. 
 
b) Water balance investigations 
 
The major objective of the WASMOD system is water balance investigations. This model has been 
used as a standard tool for water balance investigations in different studies (e.g., Xu, et al., 1996, 
1999 for the NOPEX region), and the earlier version of the model was used for detailed regional 
water balance assessment and mapping (Huybrechts, et al., 1990in Belgium). 
 
c) Studies of the effects of a changing climate 
 
Hydrological models, in particular, water balance models have been used as an analysis tool for 
changing climate. Xu (1999a) tested the ability of the WASMOD in forecasting river flow under 
changing climates. The model has been applied in simulation of the hydrological responses of 
climate change in different regions (e.g. Xu and Halldin,1996 in the NOPEX region; Xu, 2000 in 
the Mälaren basin in central Sweden). 
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d) River Flow Forecasting 
 
Flow forecasting can be used in real time control, e.g. in irrigation and hydropower generation. An 
example of such applications can be found in Xu and Vandewiele (1995). They used the 
WASMOD model to forecast river flow for two stations in south China. 
 
e) Generation of flow record in ungauged catchments 
 
This model also is able to generate data in ungauged catchments. This is done by converting 
measured or generated rainfall into simulated streamflow. For this process, the model takes into 
account the catchment characteristics for past, present, or future conditions. The model can be used 
in generating flow records in three different ways: 
 
i. Calibrate the model using a nearby gauged catchment data with similar climate, land-use, 
and lithology. Then, the calibrated parameter values can be transferred to the ungauged 
catchment. 
 
ii.  Calibrate the model using all the nearby catchments data by computing a regional value 
for each parameter using an average value from all the calibrated catchments. 
 
iii. Calibrate the model for all the nearby catchments, and make a regression analysis between 
the model parameter values and physical catchment characteristics. Then, parameter values 
for the ungauged catchment can be calculated from the regression equations (Xu, 1999b). 
 
3.3. ALPINE3D 

Alpine3D is a three-dimensional model for examining and forecasting snow patterns in 
mountainous area. Alpine3D is a spatially distributed model that can calculate snow cover 
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(SNOWPACK), soil properties, snow transport, radiation transfer and runoff. This model 
simulates the physical processes (mass and energy exchange) between the atmosphere, snow and 
soil over the domain. Alpine3D has different components that can be used according to the needs. 
These sub-models consist of: 
i. SNOWPACK : calculates the Snow cover, vegetation and soil 
ii. SnowDrift: calculates snow transport by wind 
iii. EBalance: calculates the energy balance into and from out of the snowpack 
iv. Runoff: it is a hydrology module that calculates runoff 
 
The pre-processing module (MeteoIO) supports different input options including interpolation of 
meteorological weather stations or data derived from a meteorological model or remote sensing 
data. This model is able to run on a multi-core computer. Alpine3D has a wide range of potential 
applications. Main use of the model is the evaluation of snow-water resource in alpine terrain. One 
of the most interesting functions of the model is the prediction of snow, according to climate 
change scenarios. SNOWPACK model is a core part in Alpine3D. This model works based on the 
energy-balance equation for 1D Soil/Snow/Canopy modeling, which solves the equation for every 
cell of domain in every time step. Simulating SNOWPACK model needs meteorological input data 
for each cell. Usually, meteorological data can extract from a board range of stations that is 
interpolated over the domain by statistical relations between variables using MeteoIO for each 
pixel. In case of using meteorological data extracted from atmospheric models, due to low 
resolution which is inadequate for Alpine3D, data needs to be downscaled into the model’s 
resolution. SNOWPACK evolves the snow by this assumption that there are no lateral fluxes for 
each grid. Therefore, considering the lateral fluxes is done by other sub-modules. 
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• The EBalance module is one sub-module for calculating the radiation fields. For this calculating, 
atmospheric cloudiness, topographic shading influence and reflections of the surrounding terrain 
is considered. 
• The SnowDrift module simulates the snow’s transport by the wind. A 3-D simulation of the 
saltation, suspension and diffusion processes is done in this module. 
• The hydrological routing module (Runoff) that works by collecting precipitation and runoff at 
every cell. 
There are three types of outputs for Alpine3D which includes a) spatially distributed variables 
include snow depth, snow water equivalent, snow surface temperature, incoming short wave 
radiation, and longwave radiation; b) Time-series of meteorological data include wind, 
temperature, wind speed and direction, relative humidity, and precipitation. In addition, the model 
produces the time series of some variables such as surface and bottom temperature, and snow 
depth; c) snowpack microstructure also is reproduced by Alpine3D. The variables such as grain 
type and bond, stress and strains, density and energy of snowpack (e.g. sensible and latent heat 
fluxes) are simulated by this model. The rain energy and ground heat fluxes as well as outgoing 
short/longwave radiation are taking into account for energy calculation. The effect of canopy on 
energy exchanges is considered within the model. Snow drift components like sublimation, 
erosion, and evaporation are simulated and the model is able to generate the snow profiles for each 
grid cell. The snow profile includes layer temperature, soil temperature, heat conductivity, density, 
and some other parameters for each layer. The snow profiles are used as initial condition for the 
next time step calculations. 
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3.4. PBSM 
 
The Prairie Blowing Snow Model (PBSM) is a physically-based model for calculating 
transport and sublimation rates of blowing snow over uniform terrain. This model needs observed 
air temperature, humidity and wind speed as an input. 
The PBSM model works based on the mass and energy balance equation. This model was initially 
developed for Canadian prairies landscape which is characterized by flat terrain and homogeneous 
vegetation cover (e.g. Pomeroy, 1989). However, the model was applied to variable vegetation 
height (Pomeroy et al., 1991) over alpine tundra, arctic tundra, and mountainous subarctic terrain 
(e.g. Pomeroy, 1991; Pomeroy and Li, 2000; MacDonald et al., 2009), respectively. Therefore, it 
shows the ability of the model to simulate winter snowpack evolution along with snow transport 
and sublimation calculations and considers the effect of vegetation. 
 
PBSM is a high demanding input data. Therefore, a blowing snow model (SBSM) was generated 
to collaborate with PBSM output to reduce the computational process. PBSM assumes a uniform 
meteorological data in the study area. In fact, The Prairie Blowing Snow Model (PBSM) can be 
described as a single physically-based, mass and energy balance, which is only suitable for 
calculating blowing snow transport and sublimation rates.  
In the newer version, some features are added to correct the snowfall under measurement, mid-
winter snowmelt, snow density estimates and considering the influences of vegetation cover on 
snowmelt during blowing snow. The important added feature in the model includes procedures for 
evaluation of the threshold wind speed for snow transport and to calculate the probability of 
drifting snow occurrence. 
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CONCLUTION 
The final aim of this chapter was to assess different snow models that can be used in different 
geographical regions. Any model has disadvantages and advantages that depend on some factors.  
Some models are designed for spatially distribution of snow over domain in alpine terrain, while 
some models work on the flat areas. Some snow models also sensitive to meteorological time steps 
required to run. Also snow models have different ability to estimate snow transport by wind. Wind 
can have significant influence on the snow cover through both snow transport and sublimation. 
Therefore, it is a crucial factor to be considered in the model. User friendly and easy access to 
snow model is another factor in choosing the proper model. Some models work on specific 
operating systems with a high computational demand. Enough technical support and 
documentation also should be considered for choosing a snow model. Some models are time-
consuming to learn. Proficiency of user could be hard, if the model does not have enough 
supporting documentation. Last and most important factor in choosing a snow model is the ability 
of pre-processing input data, such as interpolation and distribution over the domain. These factors 
included: Air Temperature, Relative Humidity, Reflected shortwave radiation, Wind speed and 
direction and etc. Snow models use different approaches for distributing climatology data on a 
domain. Therefore, for choosing the right model, all above factors should be considered. 
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Name of 
Model 
Principal features 
UEBGrid • Simplicity. Small number of state variables and adjustable parameters 
• Physically based, so that the model is transportable and applicable without calibration at 
different locations 
• Match diurnal cycle of melt outflow rates for erosion prediction 
• Match overall accumulation and ablation for water balance 
• Distributed by application over a spatial grid 
WASMOD • checking and updating of flow records 
 
• Ability to water balance investigations 
 
• The effects of a changing climate 
 
• Ability to River flow forecasting 
 
• Generation of flow record in ungauged catchments 
 
• User friendly but still very easy to use. There are also several examples where scientists 
have been able to reproduce the model code just from a description in the literature. 
ALPINE3D • simple parameterizations for filtering invalid data and generating missing data as well as data 
interpolation 
 • runs the same algorithm on a regular mesh grid without considering lateral exchange in  the 
soilsnowvegetation column 
• In mass balance simulation considering wind transport 
• The type, size and bonding between grains are considered 
PBSM • Data requirements and the complexity of its algorithms 
• Unsuitable for use in distributed models 
• Calculates two-dimensional blowing snow transport and sublimation rates for steady-  state 
conditions over a landscape element using mass and energy balances 
 
• It has well tested comprehensive snow transport and sublimation calculations and   
considers the effect of vegetation. 
 
 


3.5. SnowModel 
 
 
3.5.1. The importance of knowing snow and its temporally evolving spatial 
distribution  

Snow and its temporally-evolving spatial distribution are the key elements for the 
environment. It is obvious that there is a relationship between seasonal snow cover and winter-
time atmospheric circulation. Therefore, changes in snow cover can affect the regular winter 
patterns. The return of incoming solar radiation into the atmosphere happens in a higher rate than 
free-snow lands. This phenomenon is called “albedo” and has a direct effect on air temperature 
and atmospheric circulation patterns. The amount of snow cover also influence the soil-moisture 
condition which is an important factor in runoff.  In addition, the distribution of snow can change 
the timing, amount and spatial variability of snow melt and runoff in the spring. The morphology 
of the streams, and their channel shapes also indirectly is connected with snow distribution cycle. 
Moreover, the distribution of snow is very crucial for people who live downstream of the snow-
domain areas. In such areas, natural water reservoirs are the key component for agricultural, 
domestic consumption, industrial and other sectors which need water in suitable time. To evaluate 
snow distribution across a study domain, two main factors should be investigated. Snow water 
equivalent and snow depth are two indicators for understanding snow pattern which most snow 
models are able to reproduce. 
 
 
3.5.2. Discription of SnowModel 
 
SnowModel is a spatially-distributed snow evolution modeling system. This model is 
designed to apply on different kinds of landscapes where snow happens. In SnowModel, there are 
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four main sub models: MicroMet, is a semi-physical model with the ability of assimilation that 
interpolates meteorological data from different sources (Liston and Elder, 2006b); EnBal, 
calculates the surface energy balance equation; SnowTran-3D, calculates the transport of snow by 
wind in three-dimensions considering terrain and vegetation (Liston et al., 2006); and SnowPack, 
is the core and a simple one-layer snowpack evolution model (Liston and Hall, 1995).  
SnowModel is a one-way model and doesn’t take into account the feedback from snowpack 
to the atmosphere. While in the natural system the atmospheric properties can be changed in 
response to any changes at the surface condition (Liston and Hiemstra, 2011). In addition, 
SnowModel considers the grid cells to be horizontally homogeneous, which is typical for most 
snow and hydrological models (Blösch, 1999).  SnowModel, also is a single snow-canopy column 
and there is no soil layers energy exchange in the calculations. It neglects the lateral transport 
processes and it calculates snow evolution for each grid cell based on the meteorological data and 
energy balance. Then all grid cells together make the spatial distribution of snow parameters over 
the domain (Bernhardt and Schulz, 2010). 
The first version of the SnowModel was created for non-forest areas. Then, this model was 
modified for simulating snow cover in the forest lands. SnowModel can run on time steps of 10 
minutes to 1 day with spatial grid scales from 5 to 200 m. The main meteorological input data for 
SnowModel is a time series of air temperature, relative humidity, precipitation, wind speed and 
direction along with the spatially-distributed fields of topography and vegetation cover. A 
preprocessor (MicroMet), is designed to interpolate data from weather stations over the domain. It 
can be run independently without running the rest of the model to downscale or interpolate 
meteorological data in a high resolution of 30 m to 1km. MicroMet uses sophisticated physical 
parameterizations and complicated process by considering topographic features and vegetation to 
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interpolate weather station data. Therefore, MicroMet is a powerful tool for preprocessing the data 
required for a high-resolution terrestrial modeling both in forest and non-forest area. 
Outputs of the SnowModel are generated based on the activation of each sub-model that generate 
the related result in a binary format (.gdat format). 
a) MicroMet generates the meteorological data, such as air temperature, wind speed and 
direction, humidity, as well as incoming shortwave and longwave radiation for each grid-cell. 
b)  Enbal generates a file which consists of the energy fluxes such as sensible and latent heat 
fluxes, conductive heat flux, emitted longwave radiation, surface temperature, and albedo. 
c) SnowPack is the core of the SnowModel that calculates the snowpack evolution and its related 
parameters include snow depth and density, snow water equivalent, precipitation, and runoff 
from the base of the snowpack.  
d) SnowTran3D is a sub-model which simulates the parameters related to snow redistribution by 
wind including snow depth, sublimation and saltation. 
A description of each sub model is explained in details in the following pages. 
3.5.2.1. MicroMet 
 
MicroMet is an intermediate complexity and quasi-physically based model designed to 
distribute the meteorological data over a domain in a high-resolution (i.e. 30 m to 1 km). This 
model is used for those applications that are required the spatially distributed terrestrial data over 
a variety of landscapes. MicroMet is a great tool for manipulating data from weather stations and 
also using gridded data from the other models. It is able to fill missing data, correct and generate 
data with contributing a three-part preprocessor.  
As mentioned before, the necessary meteorological inputs for MicroMet are air temperature, 
relative humidity, wind speed, wind direction and precipitation in forms of time series. MicroMet 
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can assimilate the incoming solar and longwave radiation and surface pressure or it can generate 
them from its sub-models. 
The MicroMet model distributes meteorological data with connecting between meteorological 
variables and the topography over the research domain. 
Firstly, MicroMet spatially interpolates the available station data over the domain using the Barnes 
objective analysis scheme. After that, the sub-models are applied to the meteorological variables 
to make an estimate of each variable at a given point in time and space. The Barnes objective 
analysis is the process that interpolates data from irregularly spaced stations to a regular grid. 
The physical sub-models are applied to the meteorological variables to correct the grid point 
estimation based on the relationship between the variables and the surrounding topography 
features. This process is done for each time step to distribute air temperature, relative humidity, 
wind speed and direction, incoming short and long wave radiation, surface pressure and 
precipitation.  
 
a) Air temperature 
In MicroMet, at first, the station temperatures are adjusted to a reference level. Then the reference-
level temperatures are interpolated to the model grid. In the next step, gridded temperatures at the 
reference level are adjusted to the elevations provided by topography data using available lapse 
rate. In this model, air temperature lapse rates vary monthly through the year. It is also possible to 
user defines a lapse rate data manually. 
 
b) Relative humidity 
Relative humidity is considered to be a non-linear function of elevation. Dew-point temperature is 
used for elevation adjustments. Firstly, the station’s relative humidity is converted to the dew-
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point temperature. Then dew-point temperatures are adjusted from station level to a reference level 
by computing the Barnes interpolation scheme. The reference-level dew-point temperatures are 
interpolated to the model grid. In the next step, the reference-level gridded values are adjusted to 
the actual topographic elevations. 
   
c) Wind speed and direction 
Wind speed and direction are distributed using an empirical wind-topography relationship, both of 
which are related to topographic slope, azimuth, and curvature (Liston and Elder, 2005; Liston and 
Sturm, 1998). The u and v components are interpolated separately using the Barnes objective 
analysis pattern. At first, the wind components are converted to zonal and meridional components. 
After interpolation onto grids considering the topographic slope and curvature relationships, they 
are converted back to speed and direction. 
 
d) Incoming solar radiation 
The solar radiation is predicted by a set of equations that consider the influence of slope, aspect, 
scattering, absorption, and reflection by clouds (cloud cover fraction); cloud fraction is estimated 
by relative humidity at 700 hPa. Distribution of relative humidity is used to express cloud cover 
fraction. MicroMet has also the ability to assimilate the incoming solar radiation observations into 
this process. 
 
e) Incoming longwave radiation 
Incoming longwave radiation can be calculated considering cloud cover and elevation-related 
variations. Incoming longwave radiation observations also can be assimilated using MicroMet, in 
case of data availability.  
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f) Precipitation 
The precipitation distribution over the domain is based on the interpolation of station precipitation 
to the model grid using the Barnes objective analysis scheme. The station elevations are then 
interpolated to the model grid to generate a topographic reference. Because the adjustment factor 
of precipitation is a non-linear function of elevation difference between topographic elevation and 
interpolated station elevation, the reference level is not the sea level. Instead, the interpolated 
station elevations are used as a reference level for precipitation distribution. 
 
3.5.2.2. ENBAL 
 
This module predicts the surface temperature, and energy and moisture fluxes to and from the 
snowpack in response to near surface meteorological forcing provided by MicroMet. Surface 
sensible and latent heat flux and snowmelt are made using an energy balance model of the form:  
  	 
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                                                        (2) 
Where  is snow surface albedo, Qsi is solar radiation, Qli represents the incoming longwave 
radiation, Qle is emitted longwave radiation, Qh is the sensible heat flux, Qe is the latent heat flux, 
Qc is the conductive energy transport and Qm is the energy flux available for melting. 
In Model, albedos is defined differently for glacier ice surfaces, snow below forest canopies, and 
snow in bare area. This equation is solved based on the surface temperature.If surface temperatures 
are greater than 0°C in the presence of snow, it is assumed that there is energy available for melt 
and this energy is computed by fixing the surface temperature at 0°C and solving for Qm. Detailed 
description and formulation of each term can be found in Liston (1995) and Liston et al. (1999b). 
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3.5.2.3. SnowPack 
 
SnowPack is a simple, one-layer snowpack evolution model developed by Liston and Hall 
(1995). Within this model, giving the input liquid equivalent precipitation, the precipitation is 
considered to be snow if the wet-bulb temperature is less than 1°C. Calculating the changes in 
snowpack density is the base of the model. The changes in density of the snow are due to 
compaction because of the changing snow temperature and the weight of overlaying snow. Also, 
it considers the changes in density due to snow melting.  
Melting snow reduces the snow depth and it is redistributed until it reaches a threshold snow 
density and then additional water will leave the snowpack. This method simply accounts for heat 
and mass transport within the snowpack. 
 
3.5.2.4. SnowTran-3D 
 
SnowTran3D (Liston and Sturm, 1998) is a three-dimensional model that is able to calculate 
the saltation, suspension, and sublimation. This model is based on the temporal changes in snow 
depth due to melting, precipitation, saltation, and suspension by solving a mass balance equation 
(Liston et al., 2006). The initial model was developed and tested in an Alaska arctic-tundra 
landscape. It also, has been applied in other non-forested alpine, arctic, and Antarctic areas with 
strong winds, cold temperatures, and solid precipitation (Greene et al. 1999; Liston et al. 2000).  
SnowTran-3D works based on a) the wind-flow forcing field; b) the wind shear stress on the 
surface; c) the transport of snow by saltation, turbulent suspension, and sublimation of drifting 
snow and d) the accumulation and erosion of snow at the snow surface. The required model inputs 
include: spatial-temporal distributed fields of precipitation, wind speed and direction, air 
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temperature, and humidity, obtained from MicroMet; and spatially distributed fields of topography 
and vegetation type. 
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Number    Class                Description                                  Example                                Snow-holding Depth (m) 
 
1           Forest             Coniferous forest                      Spruce-fir/taiga/lodgepole                                15.00                                    
2           Forest             Deciduous forest                      Aspen forest                                                      12.00                                    
3           Forest             Mixed forest                            Aspen/spruce-fir/low taiga                                14.00                                    
4           Forest             Scattered short-conifer            Pinyon-juniper                                                    8.00                                    
5           Forest             Clearcut conifer                        Stumps and regenerating                                   4.00                                    
6           Shrub             Mesic upland shrub                  deeper soils, less rocky                                     0.50                                        
7           Shrub             Xeric upland shrub                   Rocky, windblown soils                                     0.25                                        
8           Shrub             Playa shrubland                        Greasewood, saltbush                                        1.00                                        
9           Shrub             Shrub wetland/riparian            Willow along streams                                         1.75                                        
10           Shrub             Erect shrub tundra                   Arctic shrubland                                                  0.65                                        
11           Shrub             Low shrub tundra                     Low to medium arctic shrubs                             0.30                                        
12           Grass              Grassland rangeland                Graminoids and forbs                                         0.15                                        
13           Grass              Subalpine meadow                   Meadows below treeline                                    0.25                                        
14           Grass              Tundra (nontussock)                Alpine, high arctic                                              0.15                                        
15           Grass              Tundra (tussock)                     Graminoids and dwarf shrubs                             0.20                                        
16           Grass              Prostrate shrub tundra             Graminoid dominated                                         0.10                                        
17           Grass              Arctic gram, wetland               Grassy wetlands, wet tundra                               0.20                                        
18           Bare               Bare                                                                   —                                              0.01                                        
19           Water             Water/possibly frozen                                      —                                                0.01                                        
20           Water             Permanent snow/glacier                                   —                                                0.01                                        
21           Human           Residential/urban                                              —                                                0.01                                        
22           Human           Tall crops                                   Corn stubble                                                      0.40                                       
23           Human           Short crops                                Wheat stubble                                                     0.25    
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         The vegetation cover in SnowModel consists of 23 fixed and 7 user defined types of land 
use. Every cell is assigned with a unique vegetation type. Each vegetation class has specific 
Snow-Holding depth (see Table1). For considering wind factor, simulated snow depth must be 
more than snow-holding depth of vegetation. In this way model evaluates the effects of vegetation 
on snow. SnowTran-3D calculates snow depth during simulation period in different grid cells of 
a domain, then using snow density, snow water equivalent (SWE) is calculated.          
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4. CHAPTER 4: STUDY WATERSHEDS AND DATASETS  
 
The Columbia Mountains are located in the southeastern interior of British Columbia between 
the Rocky ranges and the Interior plateau (Figure 1). The highest peak in the range is 3,581 m 
above sea level (a.s.l). There are large variations in climate and soil types in the Columbia 
Mountains. Topographic features of the individual ranges are by-products of early Cenozoic 
orogeny and Quaternary erosion. The Columbia Mountains are drained by the Fraser, North 
Thompson, Columbia, and Kootenay Rivers. The Columbia River is the longest in the Pacific 
Northwest and one of the largest rivers in North America, which has an important role in irrigation 
and electricity generation. 
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Moderate winter temperature, heavy annual precipitation, and abundant snowfall are 
characteristics of the Columbia Mountains. This climatic pattern is due to the westerly airflow that 
transports moist air masses, which are deflected by the Columbia Mountains. Rising air masses 
along with decreased air pressure and cooling, result in high amounts of orographic precipitation, 
mostly as snowfall, over this region. However, due to the complex topography, daily weather 
varies significantly in adjacent areas (Parks Canada, 2015).  
Our study area is selected to test a snow model which was originally designed to be applied over 
a wide range of snow landscapes. Using this type of spatially disturbed snow-evolution model in 
different climate and weather requires further investigation. In this study we are going to evaluate 
the SnowModel performance in southern Columbia Mountains of British Columbia with a specific 
climatology characteristics which is different from the northern part of this range. 
 
4.1. Study area of watersheds 
 
In the south part of the Rocky Mountains in BC, the main coordinates of the study area are 
located in spatial reference of WGS_1984_utm_zone11N and limited based on below zones: 
Top: 5513384.22004                    
Right: 508645.78564 
Left: 487719.25664                     
Bottom: 5494930.27804 
The Elevation of the study area is in range of 528 to 2777m above sea level. This range makes 
our domain with variety of weather conditions from low to high elevation. Elevation has a direct 
effect on the distribution and quality of snow patterns. Therefore, it is expected that in lower 
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elevations, snow depth would be less in comparison with high elevation areas. Vegetation cover 
also changes with elevation, which has a direct effect on the snow depth. 
 

	#!	#" $%&'%& 
 
In the selected study area, there are two main watersheds (Redfish creek and Coffee creek) which 
are selected for analyzing snow depth and snow water equivalent. There is one snow pillow in this 
domain that can be used for evaluation of the simulated snow depth as well as snow water 
equivalent. It seems that the winter snow accumulation and spring snowmelt dominate the main 
part of runoff in this study area. 
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4.1.1. Redfish creek 
 
The Redfish Creek watershed is located in the Columbia Mountains in southeastern British 
Columbia and is a part of the Columbia River Discharge System [Fig2]. Redfish Creek is located 
nearby to Harrop Point and Harrop. Redfish Creek has an elevation of 538 meters above sea level 
and is northwest of Sunshine Bay. The drainage basin area above the gage is 26 km2, and the 
elevation varies in the range of 700 to 2300 meters. This size of the watershed could be recognized 
as a small watershed. Redfish Creek is a watershed on the West Arm of Kootenay Lake, which 
drains an area from above the treeline (2300 m) to the valley bottom at Kootenay Lake which 
represents many small to medium sized watersheds (10 to 100 km2) in the alpine terrain of the 
West Kootenay. Smaller watersheds that are entirely located below treeline have a peak earlier in 
the spring, while larger watersheds, including high alpine terrain, have a peak later in season. 
Some Forest Service roads related to Central Kootenay E (BC, Canada) are going through this 
watershed. In addition, a spawning channel was built in Redfish Creek to increase spawning habitat 
for Kokanee salmon in 1982. The Kokanee return to this channel to spawn every year. 
Due to topographic features with high slope, this area experiences frequent intensive floods. The 
flow has been measured by the Water Survey of Canada for the years 1967-1987, and 1993 to the 
present. Mean daily streamflow and annual peak flow data are available from the Water Survey of 
Canada. The Ministry of Forests also measures the water level at the same site on Redfish Creek, 
in 15 minute intervals. There are 4 stream gages in this watershed, which recorded stream flow at 
all these stations over the necessary periods of time. In the top of the watershed, there is one 
automated snow pillow station that is active now, which was used for calibration and validation of 
SnowModel data in this study.  
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4.1.2. Coffee creek 
Coffee Creek watershed [Fig3] is located in the Columbia Mountains in southeastern British 
Columbia and is a part of the Columbia River Discharge System. Coffee Creek is a stream which 
is located near Mile Point and Walkers. Coffee Creek has an elevation of 530 meters above sea 
level, and is northeast of Kootenay Lake Park and southeast of Loon Lake. This watershed is 
accessible only by boat. Bull trout and dolly varden spawn in Coffee Creek. The primary role of 
the Coffee Creek site is to provide recreation opportunities that contribute to the role of Kootenay 
Lake as the second largest lake in British Columbia for boating, camping, and fishing. Kootenay 
Lake is over 100 km in length and is nestled between the Purcell Mountains and the Selkirk 
Mountains. The drainage basin area is approximately 83.5 km2 (about three times of Redfish 
creek’s area). The elevation varies in the range of 530 to 2779 meters. 
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4.2. Dataset 

Input datasets are the key elements of each simulation and have an important role in the 
accuracy of the outputs. On the other hand, appropriate measured data are needed to evaluate the 
results of modeling. In this study, different kinds of data sets are utilized such as climate data and 
topographical data. A summary of each dataset is explained in the following sections. 
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Type of data Description 
Digital Elevation Model(m) 30 x 30 resolution 
Land use Change(m) 30 x 30 resolution 
Wind Speed(m/s) From climatic station 
Wind Direction(°) From climatic station 
Precipitation(mm) From climatic station 
Relative Humidity (%) From climatic station 
Elevation of meteorological station (m) From climatic station 
Altitude (m) of meteorological station From climatic station 
Altitude (m) of meteorological station From climatic station 
 

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4.2.1. Spatial Datasets 

The required spatial input data for the model can be divided into two categories: landscape 
data and vegetation cover. The Digital Elevation Model (DEM) from the Shuttle Radar 
Topography Mission (SRTM)1 with a resolution of 30 m is used for modeling. The filling of data 
gaps is required for making domain and watersheds with high accuracy. Therefore, Interpolation 
method is used to fill some data gaps of digital elevation maps using GIS tools. The total number 
of computational grids for the study domain consists of 694 columns and 612 rows.  
Land cover data in 30 m resolution are selected for our study areas as the number of grid-cells in 
x and y direction should be the same as used DEM in the model. Land cover with such spatial 
resolution makes a harmonic shape of the physical cover of the land’s surface. This data is 
according to Landsat satellite imagery for Northern America. Land cover is divided into nineteen 
level cover categories. These categories follow from Land Cover Classification system (LCCS) 
which is defined by the Food and Agriculture Organization. 
 
4.2.2. Meteorological Data 

Meteorological data is a key component in modeling snow distribution. The model forcing 
data is obtained from the meteorological station close to the domain. Time series of Meteorological 
data is collected from The Pacific Climate Impacts Consortium (PCIC)2. This center (which is 
affiliated to University of Victoria) is a regional data bank that provides long-term meteorological 
data in the Pacific and Yukon Region of Canada.  There is one automated climate station in our 
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domain that belongs to the Ministry of Transportation and Infrastructure. A climatology station 
near the study area is chosen for gaining climatological data. Coffee creek station (Station ID: 
34621) is located at latitude 49.71444 N and longitude 116.90722W. This station is located at the 
610 m a.s.l elevation. Climatology data at the Coffee Creek station can be tracked back to 1994. 
For this study, hourly precipitation is extracted from the weather station between 1990 until 2015. 
According to availability and less missing data, two years period was chosen to derive data for our 
simulation. This station measures cumulative precipitation, wind speed, Mean wind direction, 
relative humidity and, air temperature at hourly intervals. After providing data, some statistical 
analysis has been done to modify the data considering the research’s requirements. Firstly, out of 
range data is removed from time series. Then, some blank data are filled by interpolation method.  
In addition, the small gaps were linearized with data, especially for air temperature values. 
Two different periods are chosen as the calibration and validation periods. Total research period 
is between 26/09/2006 until 31/8/2008. The calibration period was defined from 26/09/2006 to 
31/08/2007 and the validation period was chosen from 01/09/2007 to 31/08/2008. Time series of 
meteorological data was selected in these periods and some modification was done according to 
SnowModel data requirements. 
a) Wind 
Direction and speed of wind are both of the most important factors of snow distribution and 
accumulation in alpine terrain. The complexity and variability of wind patterns and their 
interaction with topography lead to complexity in snow distribution. For this study, WRPLOT 
(ver8.0.2) tool is used to display wind rose and analyze wind field in our study area.  Two 
calibration and validation period are selected for demonstration of data. During the calibration 
period, as can be seen by the wind rose (Fig 6), the dominant wind direction is northerly with the 
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highest percent of wind speed between 1-2.5 ms-1. For the calibration period, a number of about 
8145 wind values (between 26/09/2006 until 31/08/2007), were analyzed with an average wind 
speed of 1.35m/s. During this period, approximately 80 percent of wind is between 0.5 to 2.1 ms-
1 (Fig 7). Maximum wind speed was recorded in 21/12/2006with a value of 3.6 ms-1. In the 
validation period from 01/09/2007 to 31/08/2008, Westerly winds is represented to be a dominant 
wind direction (Fig 8). The highest speed of the wind occurred on 30/06/2008 with a value of 4.26 
ms-1. Approximately 79% of the wind speed occurs in a range of 0.5 to 2m/s (Fig 9). In general, 
the mean and maximum wind speeds show that there is no considerable wind field during the 
simulation period. However, this station is located at low elevation and doesn’t represent the wind 
speed over the whole domain especially in high elevations. The dominant wind direction is 
westerly and the uncertainty within the observations also should be considered.   

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b) Air temperature 
The air temperature is one of the main variables to evaluate the snow accumulation and ablation 
processes.  Hourly air temperature is collected from the meteorological station. All meteorological 
data in the study period was checked for bad data. All erroneous data and values exceeding 
maximum and minimum thresholds were removed, temperature thresholds also were set at a 
minimum of -35   and a maximum of 35  . The temperature and relative humidity time series 
for both calibration and evaluation period are shown in the next figures (Fig 10). For calibration 
and validation periods, the mean annual temperature is 8.6  , and 8.2  , respectivelyThe mean 
temperature during winter accumulation from September to end of April in both periods are 3.3 
and 3.9   respectively, for calibration and validation periods. Station data show an average 


relative humidity of about 57% for both simulation periods with a higher relative humidity of about 
6-10% for winter accumulation period. 
 
a) 
 
b) 
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c) Observed Snow data (Snow pillow) 
Snow Station Base Map3 is used for extracting snow water equivalent and snow depth data to 
evaluate the simulated results. This Base map is provided for public to access the information, 
which is collected by the Provincial Snow Survey network and partner organizations.  There is one 
Automated Snow Weather Station in the upper of Redfish creek watershed (2D14P) in our study 
area. This snow survey station (under the name of Redfish creek) is operated by the Ministry of 
Environment & Climate Change Strategy. 
The snow pillow station is located in latitude 49.69472 N and longitude 117.08472W (WGS 84). 
The station is located at 2104 m above sea level. This station originally has recorded Snow Depth 
(cm) from 2003 until now and Snow Water Equivalent (millimeters) from 2001. For a comparison 
of this data with the results, some modification is done. The blank values and faulty values that 
fell outside the accuracy range of each logic bands is removed and small gaps are filled based on 
the linear regression between data. Therefore, all clearly erroneous values are removed and the 
data is ready to use.  
 
SnowModel Flowchart 
As mentioned before, for this study a distributed snow model, which is called SnowModel is 
used to simulate snow cover over two watersheds. The Flow chart of performance of this model is 
shown in Figure 11. The first part of the model is preparing topography (include DEM and Land 
use) and meteorology data for entering in the SnowModel. 
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MicroMet follows some physical and statistical methods that evaluate the sufficient data for 
continuing the simulation. The provided meteorological data (wind speed and direction, air 
temperature, humidity and precipitation) are distributed over domain by MicroMet, then the 
outputs are imported into the EnBal and Snowpack modules. By solving Energy Balance equation, 
accumulation or ablation is calculated by Snowpack during the simulation period. Both 
accumulation and ablation processes are evaluated in the spatial and temporal distribution over the 
domain. Variability of these elements is controlled by atmospheric conditions that force into the 
model and their interaction with the topography provided to the model. In the final stage, the 
qualified outputs related to each sub-model such as snow depth, snow water equivalent, snow 
density, etc. are printed in a binary files that can be extracted and visualized by Grads software. 
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In this research, periods from 26/09/2006 until 31/08/2007 and 01/09/2007 until 31/08/2008 were 
chosen for calibration and validation period of the model. These time periods were selected 
because of the availability of data and having less missing and outlined data. In addition to 
experiencing different meteorological data to test the model. The calibration period experience 
less precipitation amount in comparison with validation period. The mean air temperature and 
relative humidity for both years are presented in the Table 2. The values show a warmer 
temperature by 1 °C and drier condition by 2% for calibration period. 
 
 
)0 253
Date vs Variables Mean Air Temperature (°C) Mean Relative Humidity (%) 
Calibration Period(2006-2007) 8.62 56.9 
Validation Period(2007-2008) 7.61 58.8 
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5. CHAPTER 5: CALIBRATION OF THE MODEL  
 
For achieving accurate results, calibration is one of the most important steps in the snow 
modeling. Because of the nature and complexity of snow, choosing the right factors is difficult and 
time-consuming skills due to different patterns of snow accumulation and snow ablation. In other 
words, calibrating some factors that have a positive effect on accumulation, may have adverse 
effects on the ablation process. So, in general, it is better to calibrate the model according to the 
research goals. However, before calibration, the correction of input data is a necessary step and 
has a key role in getting an accurate result. 
Bruland et al. (2004) states that there is a systematic precipitation error mainly due to wind induced 
under the domain. In the other words, wind has an ability to affect the gage station to catch 
precipitation (both rain and snow). Wind can deflect the path of precipitation particles resulting in 
falling some particles not falling some particles into the gage station, and will fall outside the 
orifice of the gage. This loss of precipitation can be significant, in particular in snowfall time and 
at high wind speed. Another reason that lead to a poor record of precipitation is evaporation error. 
Evaporation of water stored in the gage is another source of error. There are other reasons for lack 
of accuracy such as, splashing error, instrumental error, reading, and occasional errors that need 
to be considered. Removed and correction of such systematic errors is very important and 
necessary. The systematic errors can be reduced using the method introduced by of Førland et al. 
(1996). They used a factor that is obtained from the relationship between speed of wind and amount 
of precipitation. The equation is: 
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Where  is speed of wind (m/s) and  ( is a factor depends on the air temperature, which 
represents the precipitation type: 
 
() 
0.0134                                                        > 1.7   ()  
0.0271                                                    0 <   1.7   ( !") 
0.0486                                                   5 <   0   (#$%) 
0.0820                                                        5   (#$%)  
 
Therefore, as an initial factor for calibration, the precipitation data was modified according to the 
above method. The temporal variation of monthly total precipitation (in both forms of rain and 
snow) that is calculated and extracted from the meteorological station is shown in Figure12 for 
calibration period (a) and for validation period (b). 
In the period 2006 -2007, a considerable fluctuation in precipitation is visible, the highest amount 
of precipitation happens in November. In this month, total monthly precipitation reaches 200 mm. 
meanwhile, the precipitation amount for the same month (Fig12b) in water yearly 2007-2008 was 
approximately 60 mm. In both years, the majority of precipitation has fallen between October and 
March, after that, the graphs show a significant reduction of precipitation. The minimum monthly 
total precipitation for both calibration and validation periods took place in July with less than 
15mm. From data analysis, considering air temperature, it is expected that the most precipitation 
between October and March; is fallen in the form of snow. This form of precipitation contributes 
to accumulated snow in the domain. Later, we use two variables (Snow Depth and Snow Water 
Equivalent) to evaluate the amount of snow. 
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a) 
 
 
b) 
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5.1. Calibration process 

Models must always be consisted with real data. Parameters are not always fully practical 
for use in the calibration process. Sometimes choosing the right parameter is time consuming. The 
first thing that is necessary about calibration parameters is learning about how the model works. 
With understanding of the model, the sensitivity of the model to the parameters can be defined. In 



SnowModel, “Albedo” and “lapse rate” are the two most important parameters for the calibration 
process. The importance of snow and ice albedo parameterizations for modelling of snow has been 
known. Because the mass balance and surface energy mainly depend on the solar radiation 
absorbed at the surface of the snow, this absorption factor is mainly controlled by “Albedo”. So, a 
sensitivity analysis is done for different Albedo scenarios to match the results with observed data. 
In SnowModel, different values are used as Albedo of canopy, bare area and albedo of ice on the 
glaciers. We tried 5 runs with different albedos to find the best options for our study area. The 
range of chosen albedos were determined from other related studies (e.g. melloh et al., 2002; Liston 
and others, 1999). Finally, the chosen values for albedo of canopy, albedo of snow-clearing and 
albedo of ice were 0.3, 0.45, and 0.3, respectively.Changing Canopy, Snow-Clearing and Glaciers 
Albedo for calibration result are shown in the below table. 
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Number of Run Albedo of Canopy Albedo of Snow-
clearing 
Albedo of Glaciers 
Run1(Default of model) 0.45 0.6 0.4 
Run3 0.4 0.55 0.4 
Run4 0.3 0.45 0.3 
Run5 0.3 0.45 0.3 
 
After modeling, our result shows that while the amount of snow depth and snow water equivalent 
is in a good agreement with observed data during the accumulation time, the timing of melting 
snow (from snow peak until the snow depth reaches to zero) represents a time gap. To reduce this 
gap, lapse rate (i.e. decrease of surface temperature with altitude) was chosen as an uncertain factor 
to test the model. SnowModel uses the default lapse rate factors that vary monthly during the year. 
However, considering the temporal and spatial variability of the temperature lapse rate, especially 
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in the mountain areas, the modified lapse rate is replaced in the last simulation (Table 5). This new 
lapse rate is increased during cold seasons (January, February, March, and April) and is reduced 
during melting seasons (May, June, July, August, and September). 
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Two snow parameters, snow depth and snow water equivalent (SWE), are used for comparison of 
the simulated data with the observations. Snow water equivalent is a common snowpack 
measurement and along with the snow depth can be measured at snow pillow stations. Therefore, 
outputs of the model are used for finding snow water equivalent observed/modeled correlation 
factors as well as snow depth observed/modeled correlation factors. It is obvious that both factors 
vary widely in the space and time. Every part of the domain experiences different amount of SWE 
and snow depth. The coordinates of the snow pillow was used to derive the related data for that 
location for comparing of simulated and observed data that are given in Figures13 & 14. 
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Simulated snow depth with different calibration parameters (for 5 different runs) compared with 
observations for the 2006-2007(calibration period) is shown in Figure 14a. The first run was done 
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with default precipitation data as well as default SnowModel factors. After modifying 
precipitation, albedo, and lapse rate, the visual pattern represents a good correspondence between 
the observed and simulated Data. Observed data shows that snow is accumulated from starting day 
(09/27/2006) and reached to the highest accumulated depth (3.68 m) on day 179. After day 220 
(05/04/2007), snow started to melt and on 3rd August 2007 almost all snow was melted down. In 
Table6, the difference between observed and simulated critical times is summarized. Statistical 
analysis shows that the difference between observed and simulated snow depth is approximately 
11%. Although in comparison with run 5, the other runs show the peak of snow depth closer to the 
observed data, in general, run 5 is matched with observed data in much better form. All simulations 
can predict the time of the highest snow accumulation in a precise manner. With consideration to 
all aspects, parameters related to run 5 were chosen as a final set up for the main simulation 
(Fig14). 
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Critical Time Peak of snow 
depth (m) 
Time of the peak 
of accumulation 
Timing that snow depth 
reach to lowest(zero) 
Point 
Observed data 3.67 3/24/2007 7/5/2007 
Run1 3.13 3/24/2007 7/25/2007 
Run3 3.84 3/24/2007 7/31/2007 
Run4 3.85 3/24/2007 10/8/2007 
Run5 4.08 3/24/2007 8/1/2007 
Differences between 
observed and the last 
Simulation (Run5) 
11% The Same day 26 days 
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Another important snow parameter is snow water equivalent (SWE). This snow parameter includes 
both snow depth and snow density (Figures 15 & 16). Similar to the snow depth, the last simulation 
(run 5) has more acceptable results. The peak of simulated SWE shows a lower amount than 
observations. Also, the time of the melting process starts slightly later than the snow pillow data. 
The overall results in the calibration period represent the simulated snow water equivalent closer 
to the observations than ablation period. 
Besides to the visualization method, the calibration accuracy was tested using the following 
statistical methods: 
 
5.2. Error analysis 

a) Nash–Sutcliffe efficiency Index (NSE) 
This parameter is used widely for assessing the accuracy of climate and hydrological models. 
Nash-Sutcliffe efficiencies are in a range of  to 1. When this index is close to 1, it means that 
the outputs of the model are matched with the observed data. The Nash-Sutcliffe efficiently 
Index follows the pattern below.
NSE=1, corresponds to a perfect match of modelled to the observed data.  
NSE = 0, indicates that the model predictions are as accurate as the mean of the observed data,  
-  < NSE < 0, indicates that the observed mean is a better predictor than the model. 
Calibration of the model can be evaluated based on the hourly or daily data. Here, because of 
having daily snow pillow record data, the statistical test was done on daily base. 
The Nash–Sutcliffe efficiency Index (NSE) is calculated as follows: 
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Where X0 is the observed data (snow depth and snow water equivalent) and Xm is the modeled 
data.  
b) The Square of the Correlation Coefficient 
The Square of the Correlation Coefficient (R2) is applied widely in hydrological applications 
as a useful tool to evaluate the strength of the linear association between two variables. Using the 
Square of the Correlation Coefficient, dispersion of model’s outputs and observed data can be 
estimated with quantitative parameters. The closer values of this index to one indicates the same 
dispersion for both observed and modeled data. 
The coefficient of determination is represented by this equation:             
                                                                                                                             
56  ) *7,*378- -8-3333)./01
9) *- ,*3- )./01 29) 8- ,83- )./01 2
                                                            (5) 
 
The coefficient of determination value and relationship between simulated and observed snow 
depth is represented in the next figure (Fig17). The squared correlation coefficient and Nash-
Sutcliffe with values of 0.86 and 0.85, respectively, demonstrate a strong agreement between 
simulation and observations. 
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c) The Root’s Mean Square Error (RMSE) 
This factor is used as a tool for measuring typical error. In fact, it can predict differences between 
observed and modeled variables. It measures how much error there is between two data sets. In 
the other words, it compares a predicted value and an observed or known value. RMSE is given 
by the following equation: 
5:'(  9)*- ,*42;                                                                         (6) 
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Where, < represent the number of samples. In usual, values less than half of the standard deviation 
(SD) are considered as a poor data. This statistical index applied to the results, which is shown in 
the Table 7. 
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Error 
Function 
Nash–Sutcliffe efficiency 
Index 
Square of the Correlation 
Coefficient 
RMSE 
Value 0.85 0.86 0.36 
 
 
The difference between simulated and observed data is shown to be 0.36m. From the error factors 
that are extracted from different relationships between observed and modeled outputs, calibration 
accuracy is judged according to quantitative measures. Overall, the calculated error parameters 
include Nash-Sutcliffe Index, Square of the Correlation Coefficient and RMSE reveal that our 
results are in an acceptable range. Therefore, with consideration of error parameters in the 
calibration process, acceptable outputs are achieved, and the model parameters were altered for 
the validation period. 
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6. CHAPTER 6: RESULTS AND DISCUSSION  
6.1. Point Scale 
Considering model parameters that were obtained from the last simulation in the calibration 
period, the main simulation was done since September 2007 until August 2008. The length of the 
study time period should be enough to show both the snow accumulation and ablation during a 
year. A point scale estimation of simulated snow depth and snow water equivalent at the station 
location (Redfish-creek snow pillow) against observations is shown in Figures 18 and 20. 
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The result is divided into an accumulation period when snowfall was occurring and an ablation 
period when snow accumulation had ceased and the snowpack depleted. In spite of some 
fluctuations, modeled snow depth follows a similar pattern with the observed snow depth in the 
accumulation period. However, in the ablation period, the deviation between simulated and 
modeled result is noteworthy. The simulation showed a lower snow depth at the time of melting 
with a lower rate of melting in the ablation period, while the real data represented a quick reduction 
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of snow depth by time. The details of simulated snow depth are compared and represented in Table 
8.  
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Nash-Sutcliffe Efficiency Index, Square of Correlation Coefficient and RMSE are calculated for 
the validation period (2007-2008). For better analysis, the results were split into the accumulation 
and ablation periods. The accumulation period began from September until 25th April 2008 and 
the ablation period was started from 25th April 2008 until all snow depth was reduced by zero on 
the surface. In this study, the error calculation was done by the end of August. 
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Statistic factor Overall Accumulation Period Ablation Period 
!"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Nash-Sutcliffe Efficiency Index, Square of correlation Coefficient and RMSE for Snow depth 
predicted by SnowModel indicated that the model is able to reproduce snow depth in a high 
accuracy with observation, particularly for the accumulation period. However, the timing and 
magnitude of snow change during the ablation period show to be less accurate. The reason for 
getting this result will be discussed later in this section. The next graph displays the correlation 
between simulated and observed snow depth for the %%##"during 2007-2008.  
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A similar statistical analysis was done for the snow water equivalent to be sure that the model is 
able to produce SWE and density of the snowpack as well. The water contained in snow can be 
estimated as the SWE. It has units of snow depth and is extracted from snow density (relative to 
water) and snow depth. Figure 20 shows a SWE in the snow pillow station for the entirety of the 
study period (2007-2008). 
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As is clear from Figure 20, SnowModel is able to predict SWE in the accumulation period with 
high accuracy.  However, in comparison with the actual data, the simulated process of ablation 
(snow melting) was happening later. During this period, the model overestimates SWE and as a 
result, it assumes that snow melting happens later. In general, there is similarity between the snow 
depth and SWE distribution curves that shows the linkage between SWE and snow depth. To 
analyze SWE in more detail, we divided the whole period into accumulation and ablation periods. 
Statistical analysis should be done during these periods to show observed and simulated results. 
The table below (Table 10) shows the Nash-Sutcliffe Efficiency Index, Square of Correlation 
Coefficient and RMSE for the accumulation and ablation period in the validation time (2007-
2008). The graphs of the correlation between modeled and station data for the accumulation and 
ablation periods are shown separately in Figure 21. 
0 0


<$

#

2=>-



+#-
!&&1&&4"
Statistic factor Accumulation Period Ablation Period 
 
Nash–Sutcliffe efficiency Index 
 
0.99 
 
0.85 
 
Square of correlation Coefficient (R2) 
 
0.99 
 
0.88 

 
The simulated snow depth and snow water equivalent along with temperature and precipitation 
derived from the snow pillow station are displayed in Figure 22. The temperature time-series 
shows dropping temperature from October to the end of April, while the highest precipitation 
occurs in September-February. As the snow depth graph shows, when considering the reduction 
of air temperature in the end of September 2007, snow accumulation starts to increase until it 
reaches to the highest point. After that, precipitation increases gradually during the months ahead, 
but in the form of snow. There are some fluctuations of temperature by early November, but after 
that the temperature continually is below zero. In this period, most of the precipitation is expected 
to be in solid form. During this period, we can see the increased snow depth, resulting in increased 
snow water equivalent with some small fluctuations. The snow depth starts to melt gradually 
around the end of April. The temperature starts warming from early May, with low amounts of 
precipitation, and we can see the simulated snow depth melting is started at the same time. This 
reveals the ability of the model to capture the snow accumulation and depletion time. However, 
after the melting point, the rate of the decreasing of the snow depth is less than observations. 
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In 2007/08, the accumulated precipitation (in forms of snow) was in close agreement throughout 
the season analyzed. No significant differences were observed, and the accumulated value of the 
snow water equivalent reaches to 1.4 m.w.e. However, the statistical analysis shows that observed 
and simulated results do not match in the ablation period. There are some reasons that explain this 
gap. Firstly, SnowModel does not take into account the soil layers below the surface, which 
contains its temperature, humidity, water storage and other thermal factors such as thermal 
conduction. These factors affect the snowpack from below as geothermal heat that influence the 
surface energy available for melting. Another reason might be due to solar radiation because we 
allowed the MicroMet submodule to generate short and long wave radiations based on other 
meteorological inputs. Due to the lack of availability of radiation data, we did not compare the 
results with real data, therefore we are not sure how correct are the simulated radiations. So, the 
underestimation of solar radiation can be another reason for SnowModel not correctly simulating 
ablation.  
For further analysis, correlation between snow depth and snow water equivalent separately for 
accumulation and ablation periods is shown in Figure 23. We used the linear regression to show 
the relation between snow depth and SWE. The graphs represent a strong relationship between 
snow depth and snow water equivalent in both accumulation and ablation periods with a coefficient 
of determination of 0.95 and 0.96, respectively. According to the following formula snow depth 
(hs) is related to SWE by the local bulk density ( b) at a given point (Sturm et al., 2010): 
'= (  >#?@?A                                                                                               (7) 
Where snow depth (hs) is measured in meters, density of water (BC  is 1000 kg m-3, and SWE 
would be in meter water equivalent. Therefore, the slope of the line in the graphs shows the bulk  
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density of the snow during accumulation time, which is about 390 kg/m3. The model assumes an 
initial snow density of 300 kg/ m3 by default. However, this value can be defined by user. Then 
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density is changing during snow evolution based on the other factors such as meteorological 
conditions and snowpack properties.  
The bulk density of snowpack at the Redfish creek station for the ablation period also can be 
determined by the graph which is shown about 482 kg/m3. The values of densities for both periods 
are reasonable as temperature is increased by reaching the spring and summer, then the snowpack 
starts melting result in increasing of snowpack’s density.  
Comparing the two graphs for different accumulation and ablation simulations, we can see slight 
fluctuations in the accumulation time. This is due to melting and freezing the snowpack for winter 
season, in particular at the early fall and spring. While, the snowpack is start melting without 
refreezing in the ablation time. A part of the second graph (ablation time) represents a constant 
SWE with increased snow depth. This might be due to assuming a threshold value for density by 
SnowModel. Melting snow reduces the snow depth and it is redistributed until it reaches a 
threshold snow density and then additional water will leave the snowpack. 
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6.2. Watershed Scale 
 
Distributed snow cover over the watershed is very important for hydrological and water 
management purposes. Having validated the results from SnowModel by a higher percent of 
accuracy in the accumulation period, we can confidently estimate the averaged snow cover over 
the two watersheds which are closest to the input weather station data.  
Before estimating the snow cover, we analyze the simulated snow cover based on the entered 
topography into the model. The digital elevation model (DEM) and the aspect of DEM for 
Coffee-creek are shown in Figure 24 and 25.  
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Figures 24 and 29 show aspects of Coffee Creek and Redfish Creek watersheds in different angles. 
Aspects are divided into various orientations: N, NE, E, SE, S, SW, W or NW slope aspects. The 
topography represents the dominant orientation as south facing and north facing for both sides of 
the creek. Incoming solar radiation at each location is calculated according with a different aspect 
slope. The digital elevation model (Figure 25) displays the same elevation for peaks on the both 
sides of Coffee-creek with the highest elevation of 2600 on the west of the watershed.   
Analysis of effects of the topography on snow accumulation and ablation indicates that the effect 
of aspect is negligible on the snow depth in this watershed. As mentioned before, the Coffee Creek 
watershed is divided into two main parts. The North and Northeast side represent the high altitudes 
in comparison with the South facing side. Consequently, in the North side, the average amount of 
the snow depth and SWE are slightly higher than in the South faced side (Figures 26 & 27). These 
figures represent the accumulated snow depth and snow water equivalent at the end of April 
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(accumulation period). However, this difference is less than we expected, but elevation (positive 
elevation gradient) strongly affects the quality and distribution of snow.
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Similarly, the DEM and aspect of Redfish creek along with snow depth and snow water equivalent 
for this watershed, which are shown in the next figures were analyzed. The aspect of Redfish-creek 
shows two dominant directions in both sides of the creek, west and southwest on one side and east 
on the other side. The highest peak is at 2200 m elevation on the northeast side of the watershed. 
The east ward site of the creek has higher elevation compared with the other side. The simulated 
spatial distribution of snow depth and snow water equivalent for Redfish-creek also are represented 
in Figures 31 and 32. As the figures show, the highest snow depth and SWE happens in the higher 
elevations. The averaged snow depth is higher on the south west side than east facing side. 
However, due to higher elevations on the southwest side, it is difficult to realize that the higher 
snow cover is due to elevation or because of the aspect of this side of the watershed. The vegetation 
cover of both watersheds also are shown in the Figures 28 and 33. 
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From all figures and analysis, we found a systematic relationship between increasing elevation and 
snow depth and snow water equivalent. Snow depth and SWE reach the highest amount over 2300 
meters. So, districts of above 2300 m experience Snow depth in ranges of 4-5 m and SWE in range 
of 1.53-1.83 m.w.e, which are the highest amount in our domain. Under elevation of 1000m, snow 
depth and Snow Water Equivalent fall within range 0-1m and 0-0.47 m.w.e, respectively. In the 
altitudes between 1000 to 1600m, majority of Snow depth and SWE belong to range1-2m and 
0.47-0.83 m.w.e. Depth of snow and snow water equivalent in the elevations between 2000m until 
2200m are in good agreement with the data of snow pillow (which is installed in the elevation 
2104 m). Snow Depth and SWE varies over the watersheds in a range of 2-4 m and 0.83-1.83 
m.w.e in order. 
Also, as Figures 26 and 28 show, there is a relationship between the presence of snow and 
vegetation cover. In high altitudes, most of the land is covered with permanent glaciers and ice, 
which are the highest amount of snow cover reproduced by SnowModel. Therefore, it can be 
expected that snow remains in elevations higher than 2300 meter all seasons of the year.  
While the distance of the Redfish creek watershed is relatively far from the meteorological station, 
this watershed is chosen to evaluate to what extent patterns of snow follows from general 
distribution of the domain. This could be evaluated by field measurements, or remote sensing data 
which are not available in this study. 
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A major portion of the Redfish Creek Watershed is orientated to the South, Southwest, and East. 
However, the distribution of snow is more affected by elevation than aspect. Also, it can be 
assumed that solar radiation has a small effect on snow accumulation. In the melting process, these 
effects need more consideration. From Figures 26 and 31, it can be understood that the depth of 
snow and SWE remain in the range of 0-0.92 m and 0-0.34 m.w.e, in elevations from 600 m to 
1000 m, respectively. After elevation of 1000 m, both variables slightly increase by elevation. 
Snow depth and SWE in majority of domain are limited to 0.93-2 m and 0.34-0.79 m.w.e, 
respectively. At elevations between 1400 m until 1700 m, the amount of snow depth and snow 
water equivalent fluctuates in the range of 2-3.8 m and 0.79-1.49 m.w.e. After that, both variables 
reach the highest values (in scope 3.8-4.8 m and 1.5-1.7 m.w.e). Interestingly, after elevation of 
2200 m, snow depth and SWE return to a lower ranges. This might be due to wind transport of 
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snow from higher to lower elevations. Also, SnowModel does not take into account avalanches 
and movement of snow by gravity. In general, it can be said that, the obtained results of 
SnowModel on watersheds follows a logical pattern, in particular in Redfish Creek. Because most 
parts of Redfish creek are covered by Coniferous forest, effects of vegetation cover on SnowPack 
evolution need more research. 
As a result, the average of simulated snow depth and snow water equivalent represent 2.74 m and 
1.09 m.w.e over the Coffee-creek watershed, while these values are 2.67 m and 1.07 m.w.e for the 
Redfish-creek watershed. The derived information can be valuable for future studies, in particular 
for hydrological applications and water resource management studies. The derived values are 
shown in the next table (Table 11). 
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Watershed Snow depth (m) SWE (m.w.e) Standard deviation of 
snow depth (m) 
Standard deviation 
of SWE (m.w.e) 
Coffee-creek 2.74 1.09 1.32 0.48 
Redfish-creek 2.67 1.07 1.23 0.47 
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7. CHAPTER 7: CONCLUSION AND RECOMMENDATION  
 
The main aim of this study is to evaluate the performance of SnowModel to estimate the snow 
features on two relatively close watersheds (Redfish Creek and Coffee Creek) in the southeast of 
the Columbia Mountains, B.C. In this research, SnowModel was used to simulate snow cover over 
the study area. SnowModel is a physically based snow-evolution modeling system that accounts 
for the evolution of snow accumulation, distribution and ablation. SnowModel as a robust tool is 
designed for using in different climatology regions.   
It is clear that testing the model can prove that the model works in this region. Our study area is 
close to the city of Nelson. There is one climate station that records the long-term meteorological 
parameters of the area in the form of hourly time steps.  Observed data from this station was used 
as input for the snow model. Before forcing data into the model, some manipulations were 
performed on the available data such as filling missed data using statistical methods and removing 
outlier values. For calibration and evaluation of simulated snow depth and SWE, we used an 
automated snow pillow, which is located at 2100 m elevation. The results were compared with 
observed data derived from the snow pillow on a daily basis. In the calibration period, our first 
attempted simulation considerably underestimated the snow depth and Snow Water Equivalent 
compared with the observed measurements. However, the pattern of simulated snow parameters 
followed the correct sequence in comparison with measured data. To reduce the difference 
between modeled and observed data, we utilized some methods and modified the related 
parameters. Firstly, using Førland et al.’s (1996) method, we corrected the precipitation data to 
minimize the errors related to the precipitation collection. Then, albedo and lapse rate were modified 
as two calibration factors since the model was sensitive to these parameters. There is uncertainty 
in albedo, which makes it a calibration parameter. This factor can be modified according to the 
	

local conditions.  By applying these adjustments to the model, the last simulation for the calibration 
period (2006-2007) was run. Considering all above factors, the final simulation was in agreement 
with observed data. Also, in the validation period (2007-2008), statistical analysis of outputs 
revealed a high accuracy of simulated snow depth and SWE for the whole simulation period, in 
particular in the accumulation period. In fact, the correlation factor for two parts of the period, 
accumulation and ablation, is between 0.88 and 0.99, which is a quite satisfying result for the snow 
modeling. In the validation period, extracted results from SnowModel showed that snow 
accumulation starts from the middle of September and continues until late April. After this time, 
snow begins to melt until reaching zero in the middle of summer. While the model is able to predict 
snow accumulation very well, the ablation period is less accurate. This might be due to failure to 
consider geothermal processes, and multiple soil layers in the SnowModel. In addition, evaluation 
of generated short and long wave radiations by MicroMet should be addressed. Finally, the model 
suggests an average snow depth of 2.74 m and 2.67 m over Coffee-creek and Redfish-creek 
watersheds, respectively. The average simulated SWE over watersheds area are 1.09 and 1.07 
m.w.e for Coffee-creek and Redfish-creek in order. 
In general, SnowModel represented its ability to generate snow evolution in the cold regions. This 
model was tested on a domain located in southeast British Columbia, and the result was satisfying. 
Future research is needed for other parts of Rocky Mountains. Also, because of lack of field 
measurements in the defined watersheds, assessing distribution of snow cover is difficult. Broader 
research should be done to better understand delay and inaccuracy of the snow ablation process. 
Also, long-term snow evolution modeling would be a good idea to better understand the climate 
change impacts on certain areas. 
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
Glossary 
 
Ablation: Ablation refers to the melting of snow or ice that runs off the glacier, evaporation, 
sublimation, calving, or erosive removal of snow by wind in a temperate climate 
during ablation season 
 
Snow Accumulation: Snow accumulation is a gathering of snow over time 
 
Snow Water Equivalent: (SWE) is a common snowpack measurement. It is the amount 
of water contained within the snowpack. It can be thought of as the depth of water that would 
theoretically result if you melted the entire snowpack instantaneously 
Snow Water Equivalent=Snow depth* Density of Snow 
 
Lapse Rate: The lapse rate at which air temperature falls with increasing altitude 
 
Albedo: is the measure of the diffuse reflection of solar radiation out of the total solar 
radiation received by an astronomical body (e.g. A planet like Earth) 
 
DEM: Digital Elevation Model (DEM) is a specialized database that represents the relief of a 
surface between points of known elevation 
 
SnowModel: is a spatially distributed snow-evolution modeling system designed for application 
in landscapes, climates, and conditions  
 
Snow Pillow: A snow pillow is a device for measuring snowpack, especially for automated 
reporting stations 
m.w.e= Meter Water Equivalent 
 
 
 
 
 
 
 


Appendix A 
 
For further information about the climate condition in the study area, the mean temperature and 
wind speed averaged over the simulation period (2007-2008) is presented in next figures.   
 
 


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Appendix B 

Important parameters used in the modeling: 

Number of x and y cells in the computational grid 
      nx = 694 
      ny = 612 


deltax = grid increment in x direction.  Meters. 
deltay = grid increment in y direction.  Meters. 
 
deltax =  30.153534347573 
deltay =  30.153534347573 
 
 
 
Model time step, dt.  Should be the same increment as in the 
input data file 
 
One hour. 
dt = 3600.0 
 
 
 
Number of model iterations defines how many times to process 
 max_iter = 8782 
 
 
The latitude of domain center (decimal degrees) 
xlat = 49.69 
 
 
Define which models that are going to run.  A value of 1.0 means 
that you want to run the model 
run_micromet = 1.0 
run_enbal = 1.0 
run_snowpack = 1.0 
run_snowtran = 1.0 
 
 
 


Define which fields you want to process/distribute. 1 = do it 
i_tair_flag = 1 
i_rh_flag = 1 
i_wind_flag = 1 
i_solar_flag = 1 
i_longwave_flag = 1 
i_prec_flag = 1 
 
 
 
Define whether the model is to use the default monthly lapse 
rates (= 0) or user supplied monthly lapse rates (= 1).   
lapse_rate_user_flag = 1 
 
 
Define whether the precipitation adjustment factor, with units of 
km^-1 (kind of a precipitation lapse rate, used to adjust the 
precipitation for locations above and below the precipitation 
observing station(s)), is to use the default monthly lapse rates 
(= 0) or user supplied monthly lapse rates (= 1).   
iprecip_lapse_rate_user_flag = 1 
 
 
For the case of Utau_t_flag = 0.0, define what the threshold 
surface shear velocity (m/s) will be during the simulation. 
(recommended default value: Utau_t_const = 0.25) 
      Utau_t_const = 0.25 
 
 
Input the height of the wind and rh observations.  The model does 
not need an air temperature height and is not very sensitive to 
the relative humidity observation height. 
(recommended default value: ht_windobs = user input 
required)(recommended default value: ht_rhobs = user input 
required) 
      ht_windobs = 10.0 
      ht_rhobs = 2.0 
 
 
Snow density.  This should be defined to be a typical snow 
density for the SnowTran-3D simulations 
ro_snow = 300.0 
 
Define the maximum number of snow layers you want to allow in 
the multi-layer snowpack model 
max_layers = 1 

